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Single-Cell Transcript Analysis
of Pancreas Development
When pancreatic buds first emerge from the endoder-
mal epithelium, the cells are morphologically uniform
and stain broadly for Pdx1, a homeodomain protein that
Ming-Ko Chiang and Douglas A. Melton*
Department of Molecular and Cellular Biology
Howard Hughes Medical Institute
Harvard University is required for pancreatic development (Figures 1A–1C)
(Jonsson et al., 1994; Offield et al., 1996). Lineage analy-7 Divinity Avenue
Cambridge, Massachusetts 02138 sis shows that cells expressing Pdx1 at this stage give
rise to all types of adult pancreatic cells (Gu et al., 2002).
Nonetheless, it is not known whether these Pdx1 cells
are a pure population of pancreatic stem cells or a het-Summary
erogeneous mixture of progenitors.
Several other transcription factors, including Pax, Nkx,DNA microarray analysis was combined with a modi-
and bHLH genes, have also been shown to be requiredfied single-cell PCR procedure to study gene expres-
for pancreas development, and their expression cansion profiles of single cells at different stages of pan-
also be detected in early pancreatic buds (Edlund, 1999;creatic development. This method identifies distinct
Slack, 1995) (Table 1). The null phenotypes of thesecell types at embryonic day 10.5, a stage when the
genes suggest that their functions are required in sub-pancreatic epithelium is morphologically uniform.
sets of pancreatic cells. For example, only the endocrineSome cells express unexpected combinations of
cells are affected in Pax6, Islet1, NeuroD, and Ngn3genes, and these expression patterns provide new in-
mutants. On the other hand, only the exocrine cells aresights into pancreas development. Following on these
affected in P48 mutants. The expression pattern for eachfindings, we use PCR products from different cell types
of these individual genes has been reported, but theto identify novel pancreatic genes, some of which mark
combinations of their expression patterns have not beensubtypes of developing pancreatic cells. By integrat-
well characterized.ing these data with previous genetic and biochemical
The lineage of cells in the pancreas is not fully under-studies, we propose a pathway for pancreatic cell de-
stood, and it has not been possible to unequivocallyvelopment. This form of single-cell transcriptional
identify pancreatic stem cells or different classes of pan-analysis can be applied to any developmental process
creatic progenitors. To this end, it is important to be ableor tissue to characterize distinct cell types.
to identify and characterize single cells. In this study, a
modified single-cell PCR protocol was combined with
Introduction microarray analysis to examine gene expression in sin-
gle cells. Individual E10.5 pancreatic epithelial cells were
During embryonic development, it is often the case that isolated and profiled, with an emphasis on genes that
cells are specified or committed to different fates before specifically function in pancreas development. Combin-
morphological distinctions between cells can be dis- ing this data with expression profiles collected from
cerned. This commitment is presumably accompanied single cells at other stages, we propose a model for
by changes in gene expression. However, as most tran- pancreatic cell development. In addition, we use the
scriptional assays are performed on populations of cells, PCR products of different types of cells for differential
it has not been possible to determine whether all cells screening and identify novel genes with specific expres-
within a sample are expressing the same set of genes. sion patterns in the developing pancreas.
We have therefore explored the use of transcriptional
profiling on single cells, in the context of pancreatic Results
development, by analyzing cells when pancreatic buds
first emerge and cell commitment is just beginning. Design of the Single-Cell Gene-Profiling Method
At about embryonic day 9.5 (E9.5), a single layer of A gene-profiling method for single cells was designed
midgut endoderm evaginates to form pancreatic buds by integrating single-cell cDNA amplification and a mi-
(Figure 1A). These buds go on to proliferate, branch, croarray detection system (Figure 2A). The cDNA ampli-
and differentiate, giving rise to six major cell types in fication protocol was modified and optimized from previ-
the adult pancreas: exocrine cells that secrete enzymes ous protocols (Brady and Iscove, 1993; Dulac and Axel,
into the digestive tract, four types of endocrine cells 1995) to detect housekeeping genes of varying abun-
that secrete specific hormones into the bloodstream, dance (see Experimental Procedures). For consistency
and ductal cells that guide exocrine enzymes to the and increased sensitivity in microarray hybridization, a
duodenum (Figure 1D). This developmental process has commercial dendrimer system (Genisphere) was used
been well characterized morphologically (Pictet, 1972; for signal amplification and detection. Briefly, a fixed
Wessels and Cohen, 1967) and by numerous studies amount of probe (10g of PCR products with a “capture
that defined pancreatic cells at different developmental sequence” at the 5 end) is applied to each microarray
stages with molecular markers (reviewed by Edlund, for hybridization. After washing, oligonucleotides that
1998; Slack, 1995). are complementary to the “capture sequence” and that
contain tethered fluorophore dendrimers are applied to
the microarray, and, subsequently, the slide is scanned*Correspondence: dmelton@mcb.harvard.edu
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Custom microarrays were constructed with 3 biased
fragments of 95 different pancreatic genes (Figure 3A).
The genes include a collection of transcription factors
and signaling molecules implicated in pancreatic devel-
opment, several housekeeping genes to serve as posi-
tive controls, and seven Xenopus and Arabidopsis
genes to serve as negative controls monitoring nonspe-
cific hybridization. DNA samples were spotted in tripli-
cate, as shown in Figure 3B, to ensure the consistency
of the array and hybridization.
To assess the sensitivity of the detection system, we
mixed in various amounts of a Xenopus DNA probe (pre-
pared from the Xmsr gene) with a constant amount
(10 g) of mouse pancreatic cDNA probe. As shown in
Figure 2B, the average intensity of signal detected with
1 pg Xmsr probe is well above background. Given that
10 g of total DNA probe is used in each hybridization,
1 pg of specific DNA is approximately equivalent to 1
in 107 transcripts. We routinely add 1 pg of Xmsr probe
in the hybridization mixture as an internal control to
evaluate the quality of the array and the hybridization.
Genes whose signals are detected with equal or greater
intensity than this internal control are considered posi-
tive or expressed in the cell.
The gene-profiling method was first tested by prepar-
ing probe from a small amount of E12.5 pancreas totalFigure 1. Early Pancreatic Development
RNA. RNA was isolated from an E12.5 pancreas, and(A) Transverse section of an E9.5 mouse embryo stained for
hybridization probe was prepared from 20 pg of total-galactosidase whose expression is driven by the Pdx1 promoter
(Offield et al., 1996). X-gal staining shows the midgut region evagi- RNA, an aliquot that is approximately equivalent to the
nating to form the dorsal pancreatic bud and two ventral bulges at amount of RNA in one cell. Figure 3B shows that most
the bottom. of the genes are expressed and can be detected by
(B) An E10.5 gut tube dissected from an E10.5 embryo and stained this probe. These include nearly all the genes that have
with X-gal to show the formation of the dorsal pancreatic bud.
previously been reported to be required for pancreatic(C) A section of the stained dorsal pancreatic bud in (B) showing
development, including Pdx1, Nkx2.2, Nkx6.1, and Islet-1.that the majority of the pancreatic cells at E10.5 express Pdx1.
Note that this expression profile represents the collec-(D) Cross-section of an adult pancreas showing the heterogeneity
of the cell populations within the adult pancreas. exo, exocrine cells; tive expression of all pancreatic cells at E12.5 (progeni-
d, ductal cells; i, islet cells; dp, dorsal pancreatic bud; vp, ventral tor cells, endocrine cells, exocrine cells, ductal cells,
pancreatic bud. and even endothelial cells).
Presence of Heterogeneous Cell Types in E10.5for fluorescent signals. This method avoids variation
Pancreatic Epitheliumassociated with the incorporation of dye-conjugated
The gene-profiling method was applied to randomlymolecules into DNA. In addition, because there are no
picked single cells from dissociated E10.5 pancreaticmodified nucleotides directly incorporated into the hy-
epithelium. A summary of the profiles of 60 cells is shownbridization probe, the microarrays can be washed under
in Figure 4A. All 60 cells are positive for E-cadherinrelatively stringent conditions (two washes in 1 SSC
expression, confirming that only epithelial cells wereat 64C for 10 min), which increases the signal to noise
picked.ratio.
As would be expected, the profiling method is depen-
dent on mRNA, and we determined that transcripts pres-
ent at 25 or fewer copies per cell are not consistentlyTable 1. List of Genes on the Custom Microarray that Have
detected (data not shown). Nevertheless, a consistentSpecific Functions in Pancreas Development
pattern or set of expressed genes is observed in many
Gene Name Null Mutant Phenotype of the cells. This is particularly true for the pancreatic
Pdx1 Absence of pancreas (Jonsson et al., 1994) genes shown in Table 1. 47/60, or 80%, of the cells
Nkx2.2 Defect in endocrine cell differentiation (Sussel et al., express Pdx1. Of these 47 Pdx1 cells, 32 coexpress
1998) three other transcription factors (P48, Nkx2.2, and
Nkx6.1 Reduced number of  cells (Sander et al., 2000) Nkx6.1) that have specific functions at different stages
P48 Absence of exocrine cells (Krapp et al., 1998)
of pancreas development. All of these cells are positiveNgn3 Absence of endocrine cells (Gradwohl et al., 2000)
for Ki67, a common marker for proliferating cells. Thir-Islet-1 Absence of endocrine cells (Ahlgren et al., 1997)
teen out of 60 cells are Pdx1 cells, and these cells allNeuroD Reduced number of endocrine cells (Naya et al.,
1997) express the pan-endocrine markers Pax6, Islet-1, PYY,
Pax6 Reduced number of endocrine cells (Sander et al., and NeuroD. Ten out of 13 of these cells express at
1997; St-Onge et al., 1997) least one or more endocrine hormones (insulin, gluca-
Pax4 Absence of  and  cells (Sosa-Pineda et al., 1997)
gon, somatostatin, and/or pancreatic polypeptide).
Transcript Profiling of Pancreatic Cells
385
Figure 2. Single-Cell Gene-Profiling Procedure
(A) Schematic diagram of the procedure.
(B) Sensitivity of the single-cell gene-profiling assay. A total of 1, 2, or 5 pg of a specific DNA (Xenopus Msr gene) was added into the
hybridization mix, and distinct signals above background were detected (see text for details).
Fourteen cells were detected that express Ngn3, a four cells coexpress Pdx1, Nkx2.2, Nkx6.1, and P48; four
cells coexpress Pax6, Islet-1, NeuroD, and PYY; and sixtranscription factor expressed in endocrine progenitor
cells (Gradwohl et al., 2000; Gu et al., 2002; Jensen cells express multiple endocrine hormones in addition
to the pan-endocrine markers.et al., 2000; Schwitzgebel et al., 2000). These Ngn3-
expressing cells comprise a heterogeneous population: One or more endocrine hormones were expressed in
Figure 3. Design of Pancreas cDNA Microarray
(A) Pancreas genes printed on a custom microarray. cDNAs were spotted on the slides with an Affymetrix GMS417 arrayer in the pattern
shown in (B). A scanned image of a hybridized microarray shows that genes are printed in triplicate and that the hybridization signals are
identical among the triplicates.
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Figure 4. Gene Expression Profiles of E10.5 Pancreatic Cells
(A) Sixty E10.5 pancreatic cells were isolated and profiled separately. Each block indicates the presence (blue or red block) or absence (empty
block) of a specific gene detected in a cell. Each column shows the combination of gene expression detected in one cell. Genes that specifically
function in pancreas development are marked in red.
(B) Summary of pancreatic gene expression in the six types of cells identified at E10.5. Red block, genes detected in all cells; pink block,
genes detected in some cells; empty block, genes not detected.
23 cells. All of these cells also express Pax6, Islet-1, are observed: Pax4 is only detected in some of the cells
that express Pax6, Islet-1, NeuroD, PYY, and PTP-NP,NeuroD, PYY, and PTP-NP. Only 5 cells (22%) coexpress
Ki67 (22%), consistent with the previous observation and the type 2 glucose transporter (Glut2) is only de-
tected in Pdx1 Nkx2.2 Nkx6.1 cells, but not in thesethat these endocrine cells are postmitotic (Ahlgren et
al., 1997). Two other sets of commonly expressed genes embryonic endocrine hormone-expressing cells.
Transcript Profiling of Pancreatic Cells
387
Figure 5. Confirmation of Gene Expression Profiles by Double In Situ Hybridization
E10.5 embryo sections were hybridized with P48 and Pdx1 probes (A–F) or P48 and Ngn3 probes (G–L). Enlargements of the boxed regions
in (A) and (G) are shown at lower ([B] and [C] for [A] and [H] and [I] for [G]) and higher ([D]–[F] for [A] and [J]–[L] for [G]) magnifications. Note
that most pancreatic cells express Pdx1 (C), fewer express P48 (D), and very few express Ngn3 (I). p, pancreatic bud; s, stomach. At higher
magnifications, each dashed circle marks an individual cell. In (D)–(F), arrows mark cells that are Pdx1P48, and arrowheads mark cells that
are Pdx1P48. In (J)–(L), arrows mark the cells that are P48Ngn3, and the arrowhead marks a cell that is P48Ngn3.
The observations of commonly expressed genes more than one endocrine hormone in addition to all
the pan-endocrine genes. Type VI cells express onlynoted above allow us to classify the 60 cells into six
types, or groups (Figure 4B). Type I cells coexpress glucagon along with the pan-endocrine genes.
An independent verification of these gene expressionPdx1, Nkx2.2, and Nkx6.1, but not P48 or any pan-endo-
crine markers (Islet-1, Pax 6, NeuroD, and PYY). Type II patterns was obtained by double in situ hybridization
on tissue sections. As shown in Figures 5A–5C, the ma-cells coexpress Pdx1, Nkx2.2, Nkx6.1, and P48. Type III
cells express Ngn3 in addition to the genes expressed in jority of E10.5 pancreatic cells express Pdx1, and the
expression domain of P48 appears to be within a subsettype II cells. Type IV cells express all the pan-endocrine
genes, but no endocrine hormones. Type V cells express of those cells expressing Pdx1. Higher-magnification
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Figure 6. Detection of Cells Expressing More Than One Endocrine Hormone in Adult Islets
(A) Cells of two different sizes and morphologies (L, large; S, small) are observed after purified islets are dissociated. Large cells have dark,
dense cytoplasm.
(B) Pancreatic gene expression profiles on seven large cells (L1–L7) and six small cells (S1–S6). Each block indicates the presence (red block)
or absence (empty block) of a specific gene detected in a cell.
(C–E) Immunostaining of cells that express both glucagon and PP. Adult islet cells were purified, dispersed, spun down onto a slide, double
stained with antibodies for glucagon (D) and PP (E), and counterstained with DAPI (C). Arrows indicate cells that express both glucagon
and PP.
pictures show that many cells express both Pdx1 and large cell and four smaller cells coexpress more than
P48 (Figures 5D–5F, arrows). These cells correspond to one endocrine hormone. These cells do not express
the type II and type III cells described above. In addition, Pdx1 or Glut2. The presence of these multiple hormone-
other cells stain positively for Pdx1, but not P48 (Figure expressing cells was further verified by immunohisto-
5D–5F, arrowheads). These cells correspond to type I chemistry. As shown in Figures 6C–6E, a number of
cells. The in situ hybridizations also show that expres- adult islet cells appear to coexpress glucagon and PP
sion of Ngn3 overlaps with P48 (Figures 5G–5L). Type at the protein level. We did not detect other multiple
III cells that coexpress P48 and Ngn3 (Figure 5J–5L, hormone-expressing cells using antibody staining.
arrows) can be distinguished from type II cells that ex-
press P48 alone (Figures 5J–5L, arrowheads).
Differential Screening of Novel Genes Specifically
Expressed in Subtypes of Pancreatic CellsPresence of Multiple Hormone-Expressing Cells
PCR products from six E10.5 pancreatic cells (numbersin the Adult Pancreas
4, 7, 33, 35, 42, and 44 in Figure 4A) representing typeSingle cells from adult islets were also purified and pro-
II, III, and V cells were used to differentially screen forfiled. Interestingly, two populations of cells can be dis-
pancreas-specific novel genes. These probes were usedtinguished after the islet purification and dissociation.
in six hybridization reactions with Incyte microarraysAs shown in Figure 6A, larger cells with dense cytoplasm
that contain 9734 cDNA clones. Four novel cDNA clones,constitute the majority of the islet population, and a
named pancreatic differential screens 1–4 (Pds1–4),distinct population of smaller cells is also observed.
were identified. On the basis of the microarray data, weSeven large cells and six small cells were picked and
find that Pds1 is expressed in type II and III cells, whichprofiled. Figure 6B shows the combination of pancreatic
express P48. Pds2 and Pds3 are on only in type V cells,genes expressed in these cells. Six out of seven large
which also express endocrine hormones. Pds4 is ex-cells express only one type of endocrine hormone, insu-
pressed in type III and V cells, which are positive forlin. These cells also coexpress Pdx1, Glut2, Nkx2.2,
Ngn3.Nkx6.1, Pax6, Islet-1, and NeuroD, consistent with previ-
In situ hybridizations with Pds1–4 (Figure 7) were com-ous descriptions of genes expressed in mature  cells
(Edlund, 2002; Thorens et al., 1988). Interestingly, one pared to the expression pattern of PTP-NP, a marker
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resolution, only one or two genes are typically analyzed
at one time. In this study, a procedure that integrates
single-cell PCR and microarray technology was applied
in order to detect the expression of many genes in single
cells in the developing pancreas. Because custom mi-
croarrays provide a fast and convenient detection sys-
tem, several parameters of single-cell PCR, such as
nucleotide concentration, primer concentration, and
length of the reaction time, have been optimized to ob-
tain consistent gene profiles.
Like all gene detection methods, the gene-profiling
method described here has its limits. We do not detect
rare messages (	25 transcripts/cell) consistently. Nev-
ertheless, many of the genes required for particular as-
pects of pancreas development (Table 1) do display
a consistent expression pattern when assayed by this
method. The consistency of the assay is further sup-
ported by the fact that, when one single-cell lysate was
split into two, the hybridization probes made from each
of the half-cell equivalents showed the same gene ex-
pression patterns (data not shown).
Proposed Sequence of Gene Expression
during Pancreas Development
We found that the early (E10.5) pancreas consists of a
heterogeneous population of cells. On the basis of the
expression patterns of pancreas-specific genes, ran-
domly picked pancreatic cells can be divided into six
types, or groups. Though we provide no direct evidence
for a lineage connection between adult pancreatic cells
and the cell types observed in E10.5 pancreas, a plausi-
ble or testable link can be inferred on the basis of the
combination of genes expressed in the cells.
The E10.5 type I cells (Figure 8A), which coexpress
Pdx1, Nkx2.2, and Nkx6.1, are the best candidates for
early pancreatic stem cells, since Pdx1 is considered to
Figure 7. In Situ Hybridization of Genes Identified by Differential be the earliest specific marker of embryonic pancreas
Screening
(Guz et al., 1995). Pdx1 null mutants are apancreatic,
In situ hybridization of Pds1 (A), Pds2 (C), Pds3 (E), and Pds4 (G)
and bud formation in Pdx1 mutants arrests at E10.5.was performed on E11.5 embryo sections. Slides were double
We also found that many cells coexpress Pdx1,stained with anti-PTP-NP antibody (B, D, F, and H), which marks all
Nkx2.2, Nkx6.1, and P48, termed type II cells (Figureendocrine cells.
8B). P48 is a subunit of a pancreatic transcription factor
whose expression appears after Pdx1. P48 null mutant
mice lack pancreatic exocrine cells, and pancreatic en-for all endocrine cells in the pancreas (Chiang and Flana-
gan, 1996). The results show that Pds1 does not overlap docrine cells were observed in the spleen (Krapp et al.,
1998). Nkx2.2 and Nkx6.1 are expressed in adult islets,with PTP-NP. Pds2 and Pds3 are coexpressed with a
subset of PTP-NP cells, whereas Pds4 is expressed in and their null phenotypes affect only endocrine cells
(Sander et al., 2000; Sussel et al., 1998). Coexpressionboth PTP-NP-positive and -negative cells (Figure 7).
of P48, Nkx2.2, and Nkx6.1 in E10.5 type II cells suggests
that these cells may be progenitors for multiple distinctDiscussion
lineages. Progenitor cells that coexpress genes tran-
scribed in multiple lineages have also been observed inSensitivity and Resolution of the Single-Cell
Gene-Profiling Method the hematopoietic system (Miyamoto et al., 2002). For
example, myeloid progenitors coexpress myeloid andThe molecular mechanism that generates different cell
types within an organ can be described as a branched erythroid genes, and lymphoid progenitors coexpress T
and B lymphoid genes. Interestingly, E10.5 type II cellsseries of activations and repressions of specific genes.
And detecting the expression of specific genes in a constitute the largest population of any cell type in E10.5
pancreas (28 out of 60), and their presence decreasesdevelopmental process has provided a powerful tool for
studying development. However, conventional methods at later stages of development (such as E13.5 and E15.5;
data not shown). Recently, recombination-based lin-for detecting gene expression require large amounts of
starting material and reflect the composite gene expres- eage tracing experiments have been used to show that
endocrine cells derive from progenitors that expresssion data of many different cells. While immunohisto-
chemistry and in situ hybridization can reach single-cell P48 (Kawaguchi et al., 2002). This finding, plus the fact
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Figure 8. Model for Pancreatic Cell Differentiation
Upper panel shows the hybridization to the microarray. The lower panel of each section summarizes the combination of key pancreatic genes
expressed in each particular cell type. (A), (B), (C), and (D) show the sequence of exocrine cell differentiation during pancreas development.
(A), (B), (E), (F), (G), (H), and (I) illustrate the sequence of endocrine cell differentiation. Cells shown in (A) and (B) may represent the common
progenitor cells for both pancreatic exocrine and endocrine cells.
that some Ngn3-expressing cells (E10.5 type III) also types of cells express at least one type of endocrine
hormone. Type VI cells appear to be 
 cells, consistentlyexpress these three genes (P48, Nkx2.2, and Nkx6.1)
supports the proposal that E10.5 type II cells represent expressing all the pan-endocrine markers expected to
be present in 
 cells. Prior studies reported that a num-multipotent progenitors.
Ngn3 encodes a helix-loop-helix protein that is essen- ber of pancreatic cells coexpress insulin and glucagon
at early embryonic stages (Teitelman et al., 1993). Sur-tial for endocrine cell development (Gradwohl et al.,
2000). Recent studies show that Ngn3-expressing cells prisingly, we find that some cells (E10.5 type V) express
three or four endocrine hormones. Some of these cellsgive rise to the endocrine lineage (Gu et al., 2002). In
E10.5 type III cells (Figure 8E), Ngn3 is expressed in also express Ngn3. Immunohistochemical studies of
Ngn3 did not show coexpression with endocrine hor-addition to the genes expressed in type II cells, but not
with genes considered to be downstream of Ngn3, such mones (Schwitzgebel et al., 2000). This discrepancy
could be due to the limited sensitivity of immunohisto-as NeuroD, Pax6, and Islet-1. It is therefore possible
that type III cells develop from type II cells and may be chemistry or to translational regulation of Ngn3 mRNA.
The maintenance of Ngn3 expression suggests that thiscommitted to an endocrine cell fate.
E10.5 type IV cells (Figure 8F) express all the pan- group of cells, which may be derived from type IV cells,
could represent endocrine cells in the process of differ-endocrine markers, but not endocrine hormones. These
cells may be in a transitional phase of endocrine differ- entiating to one of the four islet cell types.
It is not clear whether type V cells, which expressentiation. Type V (Figure 8G) and type VI (Figure 8H)
cells appear to be differentiated endocrine cells. Both multiple endocrine hormones (Figure 8G), give rise to
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endocrine cells in adult pancreas. Cell lineage-tracing identification of progenitor or stem cells. In the postge-
nomic era, when all transcripts will be identified, the usestudies suggest that these multiple endocrine hormone-
expressing cells do not form adult 
 or  cells (Herrera, of transcriptional profiling may help provide a compre-
hensive list of transcripts that are associated with stage-2000). However, we detect these multiple endocrine-
expressing cells in adult islets by the single-cell gene- specific development at the single-cell level. Such infor-
mation adds to the framework necessary to manipulateprofiling method. This finding prompted us to use hor-
mone-specific antibodies to verify the existence of these the development of specific cell types from their remote
and immediate progenitors during development.cells. As shown in Figures 6C–6E, a number of adult
islet cells appear to coexpress glucagon and PP. These
Experimental Procedurescells were not detected by previous cell lineage-tracing
experiments (Herrera, 2000), raising the possibility that
Isolation of E10.5 Pancreatic Single Cell
the technique used in prior studies did not label every Embryos were isolated from outbred ICR mice and were considered
cell of interest. We are not able to detect other multiple to be 0.5 days of gestation at noon of the day plugs were detected.
hormone-expressing cells by immunohistochemistry. Dorsal pancreatic buds were dissected from E10.5 embryos and
incubated in PBS containing 20 g/ml dispase for 10 min. AfterThis result suggests that either there may be transla-
separation from mesenchyme, pancreatic epithelia were dissociatedtional controls on hormone mRNAs or that the abun-
by incubating the tissue in PBS containing 0.05 mg/ml trypsin anddance of the endocrine proteins is below the sensitivity
5 mM EDTA for 10 min. Single cells were individually picked with
of our detection. capillary pipettes and used for single-cell PCR amplification.
It was also noted that cells expressing Pax4 always
express Pax6. Pax4 null mutant mice have few or no Single-Cell PCR
insulin-expressing cells and an increase in the number Single cells were placed separately in 200 l thin-wall PCR tubes
with 4.5 l lysis buffer containing 50 mM Tris (pH 8.3), 75 mM KCl,of glucagon-expressing cells (Sosa-Pineda et al., 1997).
0.36 U/ml RNA guard (Amersham Pharmacia Biotech), 1 U/l PrimeA model has been proposed in which Pax4 causes Pax6-
RNA inhibitor (Eppendorf), 60 M dNTP, 0.5% NP-40, and 2.5 ng/expressing precursor cells to become  cells (Sosa-
l RT primer (TGGACTAACTATGAATTCTTTTTTTTTTTTTTTTTTTT
Pineda et al., 1997). In the absence of Pax4, most of TTTTV). Cells were lysed by rapid pipetting up and down several
those precursors will become 
 cells. Our observation times and then incubated at 65C for 1.5 min and left at room temper-
of Pax4 expression marking a subset of Pax6-expressing ature for 5 min before the addition of 0.5 l diluted Superscript II
reverse transcriptase (Life Technologies; 1:1 dilution with lysiscells is consistent with this model, but not with the pro-
buffer). After incubation at 37C for 30 min, the samples were incu-posal that Pax4 determines  cell differentiation inde-
bated at 70C for 10 min to inactivate the enzyme. Five microliterspendent of Pax6.
of terminal transferase mix (200 mM K-Cacodylate [pH 7.2], 4 mM
Similar developmental pathways can also be pro- CoCl2, 0.4 mM DTT, and 6 mM dATP) with 10 units of terminal
posed for exocrine differentiation. At E13.5, most cells transferase (Roche Applied Science) was added to each reaction.
express P48 plus amylase and trypsin (Figure 8C and Reactions were incubated at 37C for 15 min and then for 10 min
at 65C to inactivate the transferase. With the addition of 90 l PCRdata not shown). Interestingly, many of these cells ex-
mix (39 l H2O, 10 l PCR reaction buffer, 2 l 20 mM dNTP, 2 lpress Nkx2.2 and Nkx6.1, suggesting that these are dif-
primer, 5 l DMSO, 30 l 5M Betaine, and 2 l KlenTaq polymerase)ferentiating exocrine cells. We therefore propose that
to each reaction, the first round of PCR was carried out with the
these cells could form adult exocrine cells following following parameters: 10 cycles of 20 s at 95C, 2 min at 42C, and
repression of Nkx2.2 and Nkx6.1 (Figure 8D). 5 min at 68C; 15 cycles of 20 s at 95C, 2 min at 54C, and 5 min
at 68C; and 4 cycles of 20 s at 95C, 2 min at 54C, and 6 min at
68C. After purification with a Qiagen PCR purification kit, 30 lApplication of the Single-Cell
out of 100 l purified product was used in the second round ofGene-Profiling Method
amplification with the same PCR mix (except that the volume of
In an effort to better understand pancreatic organogene- H2O was reduced to 19 l and the primer was substituted with the
sis, we have explored the use of transcriptional profiling genisphere primer, GGCCGACTCACTGCGCGTCTTCTGTCCCGCC
on single cells. This has allowed us to identify cell types TTTTTTTTTTTTTTTTTTTTTTTTV). The parameters for the second
round of PCR are as follows: 5 cycles of 20 s at 95C, 2 min at 39C,not on the basis of morphology, but on the basis of
and 5 min at 68C; and 14 cycles of 20 s at 95C, 2 min at 54C,transcriptional programs, at very early stages of pancre-
and 5 min at 68C. After purification with a Qiagen PCR purificationatic development. We note that the results obtained can
kit, 10 g of the products were used for microarray detection.
only provide a “snap shot” of cells in a dynamic process
and that additional intermediate cell types can be Microarray Detection
missed. Nonetheless, this characterization allows us to Specific DNAs of 95 genes were spotted onto CMT-GAPS (Corning)
slides with a GMS417 arrayer (Affymetrix). Treatment and hybridiza-speculate on lineage relationships and the develop-
tion of the microarray slides were performed as described by themental fate of the different types of cells. These specula-
manufacturers (Corning and Genisphere manuals). Ten microgramstions about lineage and fate require direct tests and
of single-cell PCR products was precipitated and resuspended withexperimental confirmation, as has been done for cells
5 l Genisphere primer solution (0.6 g/l). One microliter of salmon
expressing Pdx1 and Ngn3 (Gu et al., 2002) and P48 sperm DNA was added to the sample to block nonspecific hybridiza-
(Kawaguchi et al., 2002). In addition, the single-cell PCR tion. The probe was boiled for 5 min, mixed with 27 l hybridization
buffer (0.25 M sodium phosphate [pH 7.0], 4.5% SDS, and 1 Den-products of individual embryonic cells have been used
hart’s), and then applied to the slide for hybridization overnight atto identify more genes that are expressed in specific
62C. The slide was washed once with 2 SSC/0.2% SDS at roomsubtypes of cells. On the one hand, this could lead to
temperature for 5 min, twice with 1 SSC/0.2% SDS at 64C for 10an ever more complex picture of the numbers or kinds
min, once with 1 SSC for 10 min, and once with 0.2 SSC for 10
of cells that appear during normal development. On the min. The second round of hybridization was performed with a mix-
other hand, this may lead to identification of important ture of 2.5 l Genisphere dendrimer reagent and 20 l hybridization
buffer. After at least 6 hr of hybridization, the slide was washedtranscriptional decisions in the process, including the
Developmental Cell
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once with 2 SSC/0.2% SDS at 60C for 10 min, once with 2 SSC Edlund, H. (1998). Transcribing pancreas. Diabetes 47, 1817–1823.
for 10 min, and once with 0.2 SSC for 10 min. After removal of Edlund, H. (1999). Pancreas: how to get there from the gut? Curr.
the washing solution, the slide was scanned with a GenePix3000 Opin. Cell Biol. 11, 663–668.
microarray scanner (Axon Instrument) and analyzed with GenePix3.0
Edlund, H. (2002). Pancreatic organogenesis–developmental mech-software. In cases where transcripts were detected in fewer than
anisms and implications for therapy. Nat. Rev. Genet. 3, 524–532.15% of the cells, without any interpretable or consistent pattern,
Gradwohl, G., Dierich, A., LeMeur, M., and Guillemot, F. (2000).the genes are not shown in Figure 4A.
neurogenin3 is required for the development of the four endocrine
cell lineages of the pancreas. Proc. Natl. Acad. Sci. USA 97, 1607–In Situ Hybridization and Immunohistochemistry
1611.In situ hybridization was performed as described previously with
digoxigenin-labeled antisense riboprobes (Wilkinson, 1992; Wilkin- Gu, G., Dubauskaite, J., and Melton, D.A. (2002). Direct evidence
son and Nieto, 1993). Stringent washing for in situ hybridization was for the pancreatic lineage: NGN3 cells are islet progenitors and
performed in 50% formamide/2 SSC, once at 60C for 30 min and are distinct from duct progenitors. Development 129, 2447–2457.
then at 65C for 30 min. Slides were then washed three times in 10
Guz, Y., Montminy, M.R., Stein, R., Leonard, J., Gamer, L.W., Wright,
mM Tris (pH 8.0), 0.5 M NaCl, and 5 mM EDTA at room temperature
C.V., and Teitelman, G. (1995). Expression of murine STF-1, a puta-
for 10 min. After treatment with RNase A (25 g/ml) and RNase T1
tive insulin gene transcription factor, in beta cells of pancreas, duo-
(100 U/ml) at 37C for 45 min, slides were washed twice in 50%
denal epithelium and pancreatic exocrine and endocrine progenitors
formamide/2 SSC at 65C for 30 min.
during ontogeny. Development 121, 11–18.
For double in situ hybridization, Pdx1 and Ngn3 antisense probes
Herrera, P.L. (2000). Adult insulin- and glucagon-producing cellswere synthesized with fluorescein-12-UTP, instead of digoxigenin-
differentiate from two independent cell lineages. Development 127,11-UTP. After the NBT/BCIP staining for detecting P48, the sections
2317–2322.were subsequently washed three times for 10 min each in PBS and
twice for 10 min each in TNT wash buffer (0.1 M Tris-HCl [pH 7.5], Jensen, J., Heller, R.S., Funder-Nielsen, T., Pedersen, E.E., Lindsell,
0.15 M NaCl, and 0.05% Tween 20), preblocked in TNB buffer (0.1 C., Weinmaster, G., Madsen, O.D., and Serup, P. (2000). Independent
M Tris-HCl [pH 7.5], 0.15 M NaCl, and 0.5% blocking reagent) for development of pancreatic alpha- and beta-cells from neurogenin3-
30 min, and then were incubated with peroxidase-conjugated anti- expressing precursors: a role for the notch pathway in repression
fluorescein antibody (Roche) in TNB buffer overnight at 4C. The of premature differentiation. Diabetes 49, 163–176.
samples were then washed five times for 5 min in TNT buffer, incu- Jonsson, J., Carlsson, L., Edlund, T., and Edlund, H. (1994). Insulin-
bated with TSA Cy3-Tyramide working solution (PerkinElmer Life promoter-factor 1 is required for pancreas development in mice.
Sciences), and then washed three times for 5 min each in TNT and Nature 371, 606–609.
mounted for viewing (mounting media from Accurate Chemical &
Kawaguchi, Y., Cooper, B., Gannon, M., Ray, M., MacDonald, R.J.,Scientific).
and Wright, C.V. (2002). The role of the transcriptional regulatorFor double staining by immunohistochemistry, after the staining
Ptf1a in converting intestinal to pancreatic progenitors. Nat. Genet.procedures of in situ hybridization, the sections were fixed in 4%
32, 128–134.paraformaldehyde for 20 min, washed three times for 10 min each
Krapp, A., Knofler, M., Ledermann, B., Burki, K., Berney, C., Zoerkler,in PBS, preblocked in PBS containing 10% goat serum for 30 min,
N., Hagenbuchle, O., and Wellauer, P.K. (1998). The bHLH proteinand then incubated with diluted primary antibodies in 2% goat serum
PTF1-p48 is essential for the formation of the exocrine and theovernight at 4C. The following primary antibodies were used in
correct spatial organization of the endocrine pancreas. Genes Dev.the analysis: guinea pig anti-insulin (Dako), rabbit anti-somatostatin
12, 3752–3763.(Dako), rabbit anti-pancreatic polypeptide (Dako), guinea pig anti-
glucagon (Linco), and rabbit anti-glucagon (Chemicon International). Miyamoto, T., Iwasaki, H., Reizis, B., Ye, M., Graf, T., Weissman,
The slides were then washed three times for 5 min in PBS, incubated I.L., and Akashi, K. (2002). Myeloid or lymphoid promiscuity as a
with 1:200 diluted Cy3-conjugated secondary antibody (Jackson critical step in hematopoietic lineage commitment. Dev. Cell 3,
Laboratory) in PBS with 2% goat serum for 1 hr and then three times 137–147.
for 5 min each in PBS, and mounted for viewing.
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